Background. Major impediments to development of vaccines and drugs for Plasmodium vivax malaria are the inability to culture this species and the extreme difficulty in undertaking clinical research by experimental infection.
More than 2.4 billion persons are at risk of infection with the apicomplexan parasite Plasmodium vivax, with an estimated 80-360 million clinical cases occurring each year. Although often considered benign, P. vivax infection can cause severe disease in nonimmune individuals, resulting in significant morbidity and even mortality [1] . It is becoming clear that public health interventions, including long-lasting insecticide-treated bed nets, improved access to accurate diagnosis, and deployment of highly effective artemisinin combination therapy are resulting in significant falls in the burden of Plasmodium falciparum infection. However, the fall is less pronounced for P. vivax [2] , and indeed elimination of P. vivax is likely to be far more difficult than elimination of P. falciparum [2] .
The development of a method to maintain P. falciparum in continuous culture in 1976 [3] enabled fundamental research on the biology of this parasite, including a better understanding of the pathogenesis of falciparum malaria, and facilitated drug and vaccine development. Continuous in vitro culture has also greatly facilitated clinical research, by enabling the conduct of controlled human malaria infection (CHMI) studies [4] . This can be achieved by the bite of infected laboratory-bred mosquitoes [5] or by injection of cryopreserved sporozoites [6] . An alternative is induced blood-stage infection, achieved by intravenous injection of well-defined P. falciparum-infected erythrocytes [7] .
The inability to undertake continuous culture of P. vivax has significantly hampered both laboratory and experimental infection studies of this Plasmodium species. Induced infection with P. vivax, either by the bite of an infected mosquito or by intravenous injection of infected blood, was the preferred therapy for neurosyphilis until the development of penicillin [8] . Because of a number of ethical and safety concerns, experimental P. vivax blood-stage infection for study of immunity [9] or drug development [10] ceased >50 years ago. The only experimental method available for controlled human P. vivax infection studies has been by feeding mosquitoes on infected patients, and then using these mosquitoes to infect human volunteers [11] . This procedure is logistically challenging, not readily available, and hampered by problems of reproducibility. On each occasion the infecting strain of P. vivax will probably be different. Furthermore, using this method of infection, latent liver infection with hypnozoites must be eliminated by treatment with primaquine, an approach that is not reliable, with relapses having been reported in controlled infection studies despite using appropriate doses of primaquine in subjects with normal levels of G6PD [12] . In this article we report the establishment of a system to undertake induced blood-stage malaria with a well-characterized strain of P. vivax.
METHODS
A 49-year-old woman returned to Brisbane, Australia in February 2012 after a trip to the Solomon Islands where she had participated in volunteer work. She had not taken antimalarial prophylaxis. She had a history of splenectomy in childhood, a consequence of trauma; her blood group was A, Rh negative, Duffy positive. Thirteen days after her return to Australia she developed symptoms of malaria, including fevers, chills, headaches, rigors, lethargy, and generalized myalgia, and she presented to the hospital 2 days later. At initial review her peripheral blood films were positive for P. vivax at a density below the threshold for quantitative estimation by blood film (≤10 parasites/µL); infection with any of the 3 other species of Plasmodium endemic in the Solomon Islands (P. falciparum, P. malariae, or P. ovale) was excluded by polymerase chain reaction (PCR).
On admission to hospital, the patient was febrile (39.5°C) and tachycardic ( pulse rate, 120/min), with a blood pressure of 100/57 mm Hg. After she provided written informed consent, 200 mL of blood was collected into a leukodepletion blood collection pack (Pall Medical). Supportive therapy, including fluid therapy, and oral antimalarial treatment with artemethur-lumefantrine (Coartem) was promptly commenced in accordance with Australian guidelines [13] . Within 24 hours her fever had subsided and her condition improved. Thick films were clear of parasites when checked 48 hours after hospital admission.
The patient's hospital stay was complicated by transient acute kidney injury, with a serum creatinine level peaking at 226 µmol/L; this subsequently returned to normal. Concomitant infections were excluded using standard serologic and PCR screening tests for bloodborne virus infection as undertaken with healthy blood donors by the Australian Red Cross Blood Service [14] and mandated by the Australian Therapeutic Goods Administration [15] and the United States FDA [16, 17] . This was supplemented by serologic testing for arboviruses potentially present in the Pacific. Serologic testing demonstrating past infection with cytomegalovirus and Epstein-Barr virus. Follow-up serologic testing 6 months later did not reveal any change in serostatus for the infectious agents tested for.
The donated blood unit was stored for approximately 8 hours at 4°C under controlled conditions prior to being processed. Storage and processing of the blood was in accordance to Good Manufacturing Practice (GMP) guidelines. The unit was leukocyte depleted using the inline leukodepletion filter that was a component of the blood collection pack, red cells were separated from plasma by centrifugation, and the blood was then cryopreserved using a method described elsewhere [18] . Briefly, a ratio of 2 volumes of Glycerolyte 57 to 1 volume of infected cell pellet was used. The first 20% of the Glycerolyte 57 volume was added dropwise with gentle agitation, and the suspension was incubated for 5 minutes at room temperature before the remaining Glycerolyte 57 was added. Aliquots were dispensed into 1mL cryogenic vials, frozen in a controlled rate freezer at a temperature of −165°C. The cooling rate of the controlled freezer was 4°C/min. Aliquots are stored in vapour phase in a dedicated liquid nitrogen tank in a secure environment. This process was performed in accordance with GMP guidelines. The leukodepleted blood tested negative for bacterial contamination with a validated blood culture technique, and for Epstein-Barr and Cytomegalovirus provirus by PCR.
Inoculum Preparation
To prepare inocula for experimental infection studies, aliquots of the P. vivax cell bank were thawed, washed, and resuspended in injectable saline solution according to a method described elsewhere [18] , with the modification that the final red cell pellet was resuspended in normal saline solution rather than Roswell Park Memorial Institute medium. One mL of the resuspended cells was set aside for quantification of parasitemia by PCR, and the remainder of the dose dispensed aseptically into a 2-mL syringe and stored on ice until administration. The number of parasite genome equivalents that were injected into the subjects was determined using the quantitative PCR method described below.
Administration of the Inoculum
Two healthy volunteers, both blood group A, Duffy positive, were recruited to undertake this study. Details of the inclusion and exclusion criteria are available in the online trial registration [19] . Both were inoculated by intravenous injection.
DNA Sequencing of the Parasite
Bulk genomic DNA was isolated from frozen leukocyte-depleted blood samples. After standard Illumina library preparation, DNA sequencing was carried out on an Illumina Hi-Seq2000. The method used for bioinformatics analysis is described in the Supplementary Material. Data for the sample sequenced in this study is available in the National Center for Biotechnology Information Sequence Read Archive (SRX217056). Singlenucleotide variant (SNV) discovery was conducted on the 10 publicly available P. vivax genomes (North Korea I, SRP000316; Mauritania I, SRP000493; Brazil I, SRP007883; India VII, SRP007923; IQ07, SRP003406; SA94-SA98, SRA047163).
PCR Quantification of P. vivax Parasitemia
A consensus Plasmodium species RT-PCR method described elsewhere [20] was modified to make use of TaqMan hydrolysis probe chemistry. This PCR assay was designed to amplify a conserved 199-base pair (bp) target of the multicopy and a highly conserved 18S ribosomal RNA gene. The assay is described in detail in the Supplementary Material. Parasites were quantified from 500 µL of packed red cells, using P. falciparum control standards described elsewhere [21] . Each sample was tested in duplicate during the study. After completion of the study, all samples were retested in triplicate. When coefficients of variation varied by >20%, samples were tested again.
Quantification of Gametocytemia
The level of P. vivax gametocytes in blood was quantified by RT-PCR to measure the level of a messenger RNA transcript expressed in mature gametocytes, psv25 [22] . The assay is described in detail in the Supplementary Material. Nucleic acid extraction was undertaken as described above, and genomic DNA removed using RNA-free DNase treatment (Ambion). Quantification was performed in triplicate, and the average recorded. To control for potential DNA contamination, another PCR reaction was performed after heat inactivation of the reverse-transcriptase enzyme. RNA standards were prepared using the Riboprobe System Transcription kit (Promega) from a 267-bp fragment of the pvs25 messenger RNA sequence cloned into the pGEM-T Easy plasmid vector (Promega) that had been linearized by digestion with NotI (New England BioLabs). Tenfold serial dilutions (7.22 × 10 9 −7.22 copies/µL) were PCR amplified in each test run and used to generate a standard curve.
Ethics
Informed consent was obtained from the patient and volunteers. Human experimentation guidelines of the responsible Human Research Ethics Committees were followed in the conduct of this research. The collection of Plasmodium-infected blood from patients attending Royal Brisbane and Womens and Princess Alexandra Hospitals, Brisbane Australia, was approved by the responsible human research ethics committee (HREC/10/ QRBW/379). The preparation and the preservation of the infected blood bank and the phase 1 clinical trial encompassing experimental infection was approved by the Human Research Ethics Committee of the Queensland Institute of Medical Research (p1478). The trial was registered with the Australia and New Zealand Clinical Trials Registry (registration 12612001096842).
RESULTS

Clinical Course
Two subjects were inoculated on consecutive days with 270 µL of reconstituted blood. Retrospective quantitative PCR testing of aliquots of the inocula indicated that they had been injected with approximately 13 000 genome-equivalents of P. vivax. Symptoms consistent with malaria began to be reported from day 11 in subject 1 and day 14 in subject 2, including headache, malaise and myalgia. These symptoms progressed to chills and sweats on the evening of day 13 in subject 1 and on day 14 in subject 2. At this stage, both subjects were admitted to the inpatient facility and treated promptly with artemether-lumefantrine. In the first 12 hours after treatment, the clinical features of malaria increased. Subject 1 became nauseated and vomited, reported headache, and experienced another episode of sweats in the ensuing 12 hours. Subject 2 developed rigors and a headache, both of which resolved with symptomatic treatment. The maximal temperature elevations recorded for subjects 1 and 2 were 39.4°C and 39°C, respectively.
In both subjects, all symptoms of malaria had resolved within 24 hours of commencing antimalarial therapy. For subject 1, mild nontender splenomegaly was palpable on the morning of day 15 through the morning of day 16, with complete resolution by day 28. When reviewed at day 28, both subjects had remained well after discharge, with no subsequent adverse events reported. Serologic follow-up 90 days after completion of the study did not reveal any change in serostatus for bloodborne viruses tested at enrollment.
Expected mild hematologic derangements were observed for both subjects, with mild transient neutropenia ( /L in subject 2), both of which resolved within 7 days. Biochemistry results were not significantly deranged at any stage of the study.
Course of Parasitemia
Parasites were first detected by PCR on days 9 and 8 for subjects 1 and 2, respectively; parasitemia peaked on the day of treatment (day 14 morning and evening, respectively) at 54 and 224 parasites/µL, respectively ( Figure 1A ). Parasites were rapidly cleared from the blood after commencement of treatment as determined by PCR, at 30 and 36 hours, respectively ( Figure 1A) . Thick blood films were positive at only 2 time points: the afternoon of day 13 (10 parasites/µL) in both subjects; and the morning of day 14 in subject 1 (44 parasites/µL).
Available evidence indicates that the life cycle stage of malaria parasites transmitted to mosquitoes is present in the blood early in the course of vivax malaria. The presence of a parasite gene transcript that is expressed only in mature gametocytes, pvs25, was measured using quantitative reverse-transcriptase PCR (RT-PCR). This marker of mature gametocytes was first detected in the blood of the subjects on days 11 and 12, at 2 and 4 days after the first appearance of parasites by PCR, respectively, with a course paralleling that of parasitemia ( Figure 1B ).
DNA Sequence of the Isolate
Whole-genome sequencing resulted in coverage of the genome at 24X, with 74.3% of the genome covered by ≥5 high-quality bases. The parasite isolate was typed at 47 436 likely SNV positions (Table 1) . These markers were spaced, on average, 476 bases apart across the genome and evenly across all chromosomes (Table 1 ; Supplementary Figure 1A) . Of the SNV positions genotyped, 41.5% were located in coding regions, compared with 54.6% of the genome consisting of coding regions (Table 1) ; of the 20 826 SNVs located in coding regions, 59.7% were nonsynonymous bp changes ( Table 1 ). The parasite strain contained mutations at 13 199 of the 47 436 assayed SNVs, with 5744 located in coding regions, of which 3459 were nonsynonymous bp changes ( Table 1 ). The SNVs were spread evenly throughout the P. vivax genome and spaced an average of 1707 bp apart (Supplementary Figure 1; Supplementary Table 1) . Comparison of the genetic profile of this P. vivax isolate with publicly available P. vivax sequencing data at the same 47 436 positions [23] [24] [25] demonstrated that that this strain from the South Pacific is distinct from currently sequenced P. vivax strains. Of the publicly available strains, it is most closely related to those from Cambodia (Supplementary Figure 2) [25] .
As the population of malaria parasites in a single host is very often genetically polymorphic owing to meiotic recombination of genetically distinct male and female gametes in the mosquito midgut, we investigated the clonality of this isolate. Scrutiny of "heterozygote" SNVs identified in this haploid organism indicated that initial patient infection was likely to be clonal, with only 11.5% of the genotyped SNVs labeled as heterozygotes (Table 1 ; Supplementary Figure 1A) . In contrast, a polyclonal Figure 1 . The course of Plasmodium vivax parasitemia (A; circles) and pvs25 transcript levels (B; diamonds) in subjects 1 (gray) and 2 (black). Solid and dashed lines represent pre-and posttreatment findings, respectively. Data points marked with X represent time points when blood smears were positive for malaria parasites. infection would have >40% of the genotyped SNVs labeled as heterozygotes (Supplementary Figure 2B) . Furthermore, 41.8% of these "heterozygous" bases were located in regions of the parasite genome where current sequencing technology is less accurate owing to repetitive sequences, namely, subtelomeric regions and internal variable gene families that comprise only 12% of the P. vivax genome (Table 1 ; Supplementary Figure 1A) . In a polyclonal infection, it would be expected that the percentage of "heterozygous" calls in these regions would approximate the percentage of the genome that these regions encompass. The clustered heterozygous SNVs identified here are therefore likely to be sequencing and/or alignment errors. In addition, the F ws statistic, which calculates the parasite diversity observed within a host, compared with the parasite diversity in the population as a whole [26, 27] , is 0.91 in this isolate (perfect clonal, 1.0), further supporting the hypothesis that the P. vivax infection in the initial donor was clonal. Particular attention was paid to 49 SNVs present in 5 known and putative drug resistance genes, namely, pvdhfr (PVX_ 089950), pvdhps (PVX_123230), pvcrt (PVX_087980), pvmdr (PVX_080100), and pvmrp (PVX_097025) ( Table 2 ) [28] [29] [30] [31] . This isolate possessed genetic changes at 17 of 49 genotyped positions, with pvdhps being the only resistance gene not having any SNVs (Table 2) [32, 33] . Full-length analysis of the 4 genes containing SNVs revealed 2 additional nonsynonymous SNVs in pvdhfr, namely, F57L and T61M. In addition, the amino acid change at position 117 was found to be the more resistant S-to-T mutation [34] [35] [36] . The parasite strain is therefore a pvdhfr quadruple mutant (F57L, S58R, T61M, and S117 T), a genotype, described elsewhere in Indonesia and Papua New Guinea, that is highly resistant to the antifolate drug pyrimethamine [34, 35] .
DISCUSSION
Observational studies of malariotherapy for syphilis undertaken in the preantibiotic era have provided key insights into the biology and pathogenesis of malaria [8] . Subsequent CHMI studies with P. falciparum are becoming increasingly recognized as essential tools for clinical research. In recent years, sporozoite-induced CHMI studies with P. falciparum have led to major advances in the understanding of immunity [37] and are leading toward vaccine development [38] . Similarly, bloodstage infection studies have facilitated the development of antimalarial drugs [39] . The successful characterization and in vivo testing of a P. vivax parasite bank, as reported here, provide a system to expand these approaches in the modern era to study of P. vivax.
Major challenges in developing this strategy have been addressing the ethical and safety issues in the conduct of experimental infections of healthy volunteers, whether with malaria or with other pathogens [40, 41] . The safety record of CHMI studies is excellent. The published safety experience with sporozoite-induced P. falciparum infections performed between 1986 and 2010 [42] [43] [44] includes 613 volunteers, with no serious 
adverse events reported, apart from a cardiac event occurring in a 20-year-old healthy female volunteer 5 days after she received curative therapy with artemether-lumefantrine [45] . For P. vivax, the conduct of experimental infection by the bite of infected mosquitoes has been reported in a total of 33 volunteers in 2 studies [11, 46] . Although the safety record of induced blood-stage infection with P. falciparum is less substantial, a total of 134 volunteers in 10 studies have been infected by intravenous injection with a single isolate of P. falciparum, with no serious adverse events [39] . Blood-stage P. vivax infection offers a number of logistical and safety advantages over sporozoite-induced infection. For instance, detailed characterization of the parasite isolate by DNA sequence analysis can be performed before in vivo study. This enables assessment of likely drug sensitivity of the isolate and to characterize the parasite antigens that are believed to be under immune selection. In the current challenge model whole-genome sequencing was applied to investigate markers of drug sensitivity, putative targets of immunity, clonality, and the genetic structure of this isolate. The findings indicated that the isolate is clearly related to yet distinct from the publicly available P. vivax DNA sequences from Southeast Asia, and that it contains a quadruple-mutant genotype in pvdhfr, highly suggestive of pyrimethamine resistance, with a set of amino acid changes previously identified in parasites from Indonesia and Papua New Guinea. In addition, the genotyping data is indicative of a clonal infection.
The course of parasitemia observed in this study is consistent with earlier reports of induced blood-stage infection with P. vivax, in which blood-stage infection was induced by injection of ≤100 live parasites [47] or with a larger number of thawed cryopreserved parasites (approximately 10 7 ) [9] , with a prepatent period by blood smear positivity and symptom onset on days 13-14. There is a growing literature on the PCRdetermined in vivo growth kinetics of P. falciparum after sporozoite-or blood-stage-induced infection [21, 48] but none to date in P. vivax infection. This study provides the first description of the course of P. vivax parasitemia as described by PCR.
Our studies also demonstrate the appearance of the gametocytes in the blood as early as 3 days after the onset of PCR-confirmed parasitemia and >2 days before the onset of symptoms or slide positivity. Although we were unable to determine the infectivity to mosquitos of these sexual stages, the findings are consistent with previous reports documenting the infectiousness of patients with early P. vivax infection. Records of volunteers with induced P. vivax infection for malariotherapy for syphilis showed that 39.3% of mosquitoes that fed on patients with similar submicroscopic gametocytemia became infected [49] . Further studies are needed to confirm the infectiousness to mosquitoes of these subjects, but our results suggest that the system may have application in studying P. vivax transmission and investigating suitable vaccination and treatment strategies.
In conclusion, we describe an experimental system of P. vivax infection that offers the potential to accelerate the development of drugs and vaccines for P. vivax malaria. The logistic challenges and financial costs of field efficacy studies of vaccines and drugs are even greater for P. vivax than for P. falciparum malaria owing to the confounding effect of relapse. Therefore, the ability to undertake experimental study of P. vivax malaria in a dedicated clinical trial setting offers a significant resource, enhancing clinical safety and enabling the design and conduct of well-controlled clinical research necessary for the development of drugs and vaccines to control P. vivax.
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